Enhanced actions or levels of endothelin-1 (ET-1), a potent vasoconstrictor, have been associated with decreased blood flow in the retina and peripheral nerves of diabetic animals and may be related to the development of pathologies in these tissues. Hyperglycemia has been postulated to increase ET-1 secretion in endothelial cells. We have characterized the mechanism by which elevation of glucose is increasing ET-1 mRNA expression in capillary bovine retinal endothelial cells (BREC) and bovine retinal pericytes (BRPC). Elevation of glucose, but not mannitol, from 5.5 to 25 mmol/l for 3 days increased membranous protein kinase C (PKC) activities and ET-1 mRNA in parallel levels by 2-fold in BREC and BRPC. These effects were reversed by decreasing glucose levels to 5.5 mmol/l for an additional 2 days. Glucoseinduced ET-1 overexpression was inhibited by a general PKC inhibitor, GF109203X, and a mitogen-activated protein kinase kinase inhibitor, PD98059, but not by wortmannin, a phosphatidylinositol 3-kinase inhibitor. By immunoblot analysis, PKC-␤2 and -␦ isoforms in BREC were significantly increased relative to other isoforms in the membranous fractions when glucose level was increased. Overexpression of PKC-␤1 and -␦ isoforms but not PKC-isoform by adenovirus vectors containing the respective cDNA enhanced in parallel PKC activities, proteins, and basal and glucose-induced ET-1 mRNA expression by at least 2-fold. These results showed that enhanced ET-1 expression induced by hyperglycemia in diabetes is partly due to activation of PKC-␤ and -␦ isoforms, suggesting that inhibition of these PKC isoforms may prevent early changes in diabetic retinopathy and neuropathy.
A
bnormal hemodynamic changes such as blood flow and contractility have been observed in many organs of diabetic animals and patients, especially in the retina and microvessels of peripheral nerves (1) . Decreased blood flow to the retina and peripheral nerves has been reported in early diabetic retinopathy (2) (3) (4) and neuropathy (5, 6) and could be related to protein kinase C (PKC) activation in vascular cells. Intravitreous injection of phobol esters and PKC agonists can induce PKC activation and decrease retinal blood flow in the retina (7) . In addition, PKC inhibitors may normalize retinal and nerve blood flow abnormalities in diabetic animals (6) (7) (8) , supporting the hypothesis that PKC activation may play an important role in the pathogenesis of hemodynamic abnormalities in the retina and peripheral nerves.
One possible consequence of PKC activation induced by diabetes, which can lead to decreased blood flow in the retina and peripheral nerves, is an increase of endothelin (ET)-1 expression and activities. ET-1, an endotheliumderived vasotropic cytokine that can bind to 3 distinct types of endothelin receptors (termed ET-A, ET-B, and ET-C), has been studied in detail (9) (10) (11) (12) . In the diabetic state, multiple reports have suggested that ET-1 expression or action may be altered. Previously, we have reported that intravitreous application of ET-1 caused sustained retinal vasoconstriction and decreased blood flow in nondiabetic rats (13) . In addition, it has been reported that ET-1 gene expression is increased in diabetic rat retina, which may be responsible for the decrease in retinal blood flow in diabetic animals because the ET-A receptor antagonist BQ-123 prevented the hemodynamic changes (14, 15) . Neurovascular dysfunctions in diabetic rats have also been reported to be prevented by the ET-A antagonist (16) .
The levels of preproET-1 mRNA can be regulated by various chemical and mechanical stimuli such as thrombin, angiotensin II, vasopressin, transforming growth factor-␤, Ca 2+ ionophore, insulin, tumor necrosis factor-␣, hypoxia, and hemodynamical shear stress (17) . PKC activation is involved in basal and agonist-induced ET-1 synthesis or secretion in different cell types (18) (19) (20) (21) (22) . Yamada and Yokoda (19) have reported that PKC activation by phobol 12-myristate 13-acetate increased and PKC inhibition decreased ET-1 release from human aortic and pulmonary endothelial cells. Emori et al. (20) showed that the PKC inhibitors H-7 and staurosporin decreased angiotensin-and vasopressin-induced ET-1 release from bovine endothelial cells.
In diabetes, hyperglycemia is the most important risk factor for the development of diabetic microvascular complications. Intensive glycemic control as reported in the Diabetes Control and Complications Trial (23) and U.K. Prospective Diabetes Study (24, 25) has been shown to delay the onset and progression of diabetic complications, including retinopathy and neuropathy. We have previously reported (7, 8, (26) (27) (28) (29) that diabetes and hyperglycemia can activate different PKC isoforms depending on the source of vascular tissues. PKC-␤ and possibly PKC-␦ isoform activation have been associated with multiple biochemical and functional changes in the vascular cells and tissues in diabetic animals (1, 28) . Furthermore, a PKC-␤ isoform-specific inhibitor (LY333531) prevented vascular dysfunctions, including glomerular hyperfiltration, increased albumin excretion rate, and decreased retinal blood flow, in diabetic rats (8) . In cultured vascular cells, increasing glucose levels have been shown to increase the secretion of ET-1 protein (30) .
Thus, ET-1 clearly has potent vascular effects in the retina, and its action and expression are increased in the diabetic state. In this study, we have characterized the mechanism by which glucose increases ET-1 expression in the retinal vascular cells.
RESEARCH DESIGN AND METHODS
Materials. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum, and calf serum were purchased from Gibco BRL (Grand Island, NY). Endothelial cell basal medium (EBM) was purchased from Clonetics (San Diego, CA). Tri-Reagent was purchased from Molecular Research Center (Cincinnati, OH). The endothelin enzyme immunoassay (EIA) kit was purchased from Biomedica (Biomedica Gruppe, Vienna, Austria). Anti-PKC-␣, -␤1, -␤2, -␦, -, and -antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
[␣- The following items were also purchased: polyvinylidene difluoride membrane from Novex (San Diego, CA), nylon membrane from ICN Biomedicals (Aurora, OH), multiprime DNA labeling system and enhanced chemiluminescence kit from Amersham Life Sciences (Arlington Heights, IL), bisindolylmaleimide I (GF109203X) and 2Ј-amino-3Јmethoxyflavone (PD98059) from CalbiochemNovabiochem (La Jolla, CA), protein A-Sepharose 6MB from Pharmacia Biotech AB (Uppsala, Sweden), protein assay kit from Bio-Rad (Hercules, CA), phosphocellulose squares (P-81) from Whatman Institute (Maidstone, U.K.), and plasmid maxi kit from Qiagen (Valencia, CA). PKC-␤ isoform inhibitor, (S)-13-[(dimethylamino)methyl]-10,11,14,15-tetrahydro-4,9:16,21-dimetheno-1H,13H-dibenzo[e,k]pyrrolo [3,4-h] [1, 4, 3] oxadiazacyclohexadecene-1,3(2H)-dione (LY333351) was provided by Lilly Research Laboratories (Indianapolis, IN) (8) . All other materials were from Fisher Scientific (Pittsburgh, PA) and Sigma (St. Louis, MO). Cell culture. Primary cultures of bovine retinal endothelial cells (BREC) and bovine retinal pericytes (BRPC) were isolated from fresh bovine eyes by homogenization and a series of filtration steps as described previously. The purities of BREC and BRPC were determined to be >95% by immunostaining with the von Willebrand factor and 3G5 antibody (31, 32) . BREC were subsequently cultured with EBM supplemented with 10% plasma-derived horse serum, heparin (50 mg/l), and 50 µg/ml endothelial cell growth factor. BRPC were cultured in DMEM with 5.5 mmol/l glucose and 20% fetal bovine serum. The cells were used within 10 passages for the following studies. All cells were cultured at 37°C in 5% CO 2 , 95% air, and media were changed every 2-3 days. Subconfluent BREC or BRPC were exposed to normal growth media containing indicated concentrations of glucose or mannitol. After incubating for various periods of time, the cells were incubated in DMEM containing 1% calf serum with the same concentration of glucose for another 24 h and then used in the assay. RNA extraction and Northern blot analysis of ET-1 mRNA expression. Total RNA was extracted from the cells by the guanidium thiocyanate method with phenol-chloroform using Tri-Reagent (33) . Total RNA (30 µg for BRPC, 20 µg for BREC) was loaded on a 1% agarose gel with 9% formaldehyde, which was separated in MOPS buffer (20 mmol/l MOPS, 5 mmol/l Na acetate, and 0.5 mmol/l EDTA, pH 7.0). The RNA was transferred onto a nylon membrane. After ultraviolet cross-linking, the membranes were prehybridized and hybridized to a 32 P-labeled bovine preproET-1 cDNA probe prepared by the multiprime DNA labeling system in 0.1 mol/l Pipes, 0.2 mol/l NaPO 4 , 0.1 mol/l NaCl, 1 mmol/l EDTA, 5% SDS, and 30 µg/ml salmon sperm DNA at 65°C. Stringent washing was done in 50% of 1ϫ sodium chloride and sodium citrate, 5% SDS at 65°C for over 1 h. The expression of mRNA was quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA) and normalized using 36B4 as the standard cDNA probe (34) . In situ PKC activity assay. PKC activity was measured using a modified in situ method described previously (35) . Briefly, subconfluent BREC or BRPC in 12-well culture plates were exposed to 5.5 or 25 mmol/l glucose for indicated time periods. The cells were washed rapidly 3 times with 2 ml DMEM containing 20 mmol/l HEPES (pH 7.4) and then were replaced with a salt solution consisting of 137 mmol/l NaCl, 5.4 mmol/l KCl, 0.3 mmol/l Na 2 HPO 4 , 0.4 mmol/l KH 2 PO 4 , 5.5 mmol/l glucose, 10 mmol/l MgCl 2 , 25 mmol/l ␤-glycerophosphate, 5 mmol/l EGTA, 2.5 mmol/l CaCl 2 , 20 mmol/l HEPES, 50 mg/ml digitonin, 100 µmol/l ATP mixed with [␥-32 P]ATP (<1,500 cpm/pmol), and 100 µmol/l PKC-specific peptide substrate (RKRTLRRL) (36) for 15 min at room temperature. The kinase reaction was terminated with 5% tricholroacetic acid (wt/vol; final concentration), spotted on 2 ϫ 2-cm phosphocellulose squares of Whatman P-81 and washed 3 times with 0.75% phosphoric acid. Before being quantitated as described previously (4, 6) , the ratios of total to peptide negative control activities were usually >5-to 10-fold, depending on the stimulant used. Measurement of intracellular distribution of PKC activity and isoforms. After exposure to various glucose levels, BREC and BRPC were washed 3 times with ice-cold phosphate-buffered saline and once with a buffer consisting of 20 mmol/l Tris-HCl, 2 mmol/l EDTA, 0.5 mmol/l EGTA, 1 mmol/l phenylmethylsulfonyl fluoride, 1 mmol/l dithiothreitol, 300 mmol/l sucrose, and 25 mg/ml leupeptin and fractionated into cytosolic and membrane fractions according to the method described previously (27) . PKC in the membranous and cytosolic fractions were partially purified using diethylaminoethyl cellulose (7, 26) , and then, protein concentrations were determined by the method of Bradford (37) . PKC activities in both fractions were determined by measuring phosphatidylserine/diacylglycerol-dependent phosphorylation of an exogenous PKC-specific peptide substrate (RKRTLRRL) in the presence of Ca 2+ . The kinase reaction was terminated after 5 min at 30°C. Specific PKC activity was calculated by subtracting the nonspecific kinase activities from those obtained in the presence of phosphatidylserine/diacylglycerol and Ca 2+ . For determining the distribution of PKC isoforms in BREC and BRPC, aliquots of equivalent amounts of protein extracted from both cytosolic and membrane fractions were analyzed as described previously (38) . Partially purified PKC fractions were separated by 8% SDS-PAGE, transferred to polyvinylidene difluoride membranes, and blocked overnight with phosphate-buffered saline containing 0.1% Tween-20 and 3% bovine serum albumin (BSA). The membranes were incubated with several types of PKC isoform-specific antibodies for 1 h at room temperature. The blots were washed and then incubated with peroxidase-conjugated anti-rabbit immunoglobulins. Sites of antibody binding were visualized using an enhanced chemiluminescence Western blotting detection system and quantified using an image densitometer. Construction of replication-deficient adenoviruses containing PKC-␣, -␤1, and -␦ cDNA. Construction of replication-deficient recombinant adenoviruses containing full-length cDNA of PKC-␣, -␤1, -␦, and -isoforms was carried out as described previously (39, 40) . Essentially, full-length mouse PKC-␤1 cDNA obtained from P. Ashendal (Purdue University, Indianapolis, IN) and fulllength human PKC-␣ and -␦ cDNA obtained from Dr. Kirk Ways (Lilly Laboratory, Indianapolis, IN) were ligated into the adenoviral shuttle vector pAC-CMV-pLpA downstream of the cytomegalovirus (CMV) promoter and upstream of an SV40 polyA tail signal. This PKC-␣, -␤1, and -␦-containing shuttle vector was then cotransfected with the E1A transcription factor-deficient adenoviral genomic vector JM17 into 293 E1A-transformed cells by calcium phosphate precipitation (39, 40) . Subsequent generation of recombinant adenovirus expressing PKC-␣, -␤1, and -␦ (AdV-CMV-PKC-␣, -␤1, and -␦) in 293 cell lysates was confirmed by Southern blot analysis. As a control, recombinant ␤-galactosidase adenovirus (AdV-CMV-␤gal) was similarly generated (39, 40) . Recombinant adenoviruses were purified by cesium chloride gradient centrifugation, desalted, and then assayed for effectiveness of infection in a 293-cell plaque assay. Purified adenovirus stocks (10 12 pfu/ml) were stored in 20% glycerol at -80°C. Adenoviral-mediated gene transfer to confluent BREC or BRPC was performed by a 1-h adenoviral infection of 10 8 pfu/ml at 37°C in DMEM without serum as described previously (39, 40) . Expression of ␤-galactosidase was detected in >95% of BREC and BRPC infected with 10 8 pfu/ml of AdV-CMV-␤gal, PKC-␣, PKC-␤1, and PKC-␦ isoforms. ET-1 enzyme immunoassay. EIA was performed using an EIA kit from Biomedica (Biomedica Gruppe). Subconfluent BREC in 100-mm dishes infected with or without adenovirus as described above were exposed to EBM containing indicated concentrations of glucose for 24 h, and then the cells were incubated in DMEM containing 0.1% BSA with the same concentration of glucose for another 24 h. Collected media were centrifuged, and the 100 µl of resulting supernatants were diluted 100 times with DMEM containing 0.1% BSA. The EIA was performed according to the manufacturer's instructions. Statistical analysis. Results are expressed as means ± SE. Statistical significance was estimated by 1-way analysis of variance and a Student-NewmanKeuls test for comparison of several groups. The differences were considered significant at P < 0.05.
RESULTS
Effect of glucose on ET-1 mRNA expression and ET-1 secretion. The effects of increasing glucose levels in the media from 5.5 to 25 mmol/l were studied. After 48 and 72 h of exposure to 25 mmol/l glucose, ET-1 mRNA levels increased by 43 ± 8 and 90 ± 12% in BREC (Fig. 1A) , respectively, compared with 5.5 mmol/l glucose. After 48 and 72 h of exposure to 25 mmol/l glucose, ET-1 mRNA levels increased by 24 ± 5% and 45 ± 9% in BRPC, respectively, compared with 5.5 mmol/l glucose. In contrast, the addition of 19.5 mmol/l mannitol, an osmotic control, to 5.5 mmol/l glucose did not have any effect on ET-1 mRNA expression compared with 5.5 mmol/l glucose alone (Fig. 1A) . The effect of glucose was concentration-dependent, since ET-1 mRNA increased by 38 ± 7% and 85 ± 12% when glucose levels were increased from 5.5 to 16.5 and 25 mmol/l, respectively (Fig. 1B) . To determine whether elevated glucose levels can increase ET-1 secretion as well as mRNA expression, immunoreactive ET-1 protein was measured in the media from BREC. After 48 h of exposure to 25 mmol/l glucose, ET-1 protein levels were significantly increased by 81 ± 5% in BREC (Table 1 ) compared with 5.5 mmol/l glucose. These results showed that increasing glucose levels to 16.5 mmol/l or higher increased ET-1 mRNA expression and secretion via metabolic effect. Effect of PKC on ET-1 mRNA expression induced by glucose. To characterize the possible roles of PKC activation and other intracellular signaling pathways in glucoseinduced ET-1 expression, we examined the effects of GF109203X, a general PKC-specific inhibitor; PD98059, a mitogen-activated protein kinase (MAPK) kinase (MEK) inhibitor; and wortmannin, an inhibitor of phosphatidylinositol 3-kinase on ET-1 mRNA expression (1, 7, 8) . Elevating glucose levels from 5.5 to 25 mmol/l for 3 days increased ET-1 mRNA expression to 85 ± 12% of the control. The increase in ET-1 mRNA was inhibited by 5 µmol/l GF109203X in both BREC ( Fig. 2A) and BRPC (Fig. 2B ). The addition of PD98059 also inhibited glucose-induced ET-1 expression by 95 ± 6% in BRPC (Fig. 2B) and by 52 ± 4% in BREC ( Fig. 2A) , but wortmannin (100 nmol/l) did not have any effect on glucoseinduced ET-1 expression (Fig. 2B ). These data suggest that both PKC and MAPK activation are partly responsible for glucose-induced ET-1 mRNA expression.
To determine directly whether the PKC pathway was activated by increasing glucose levels from 5.5 to 25 mmol/l, the time course of in situ PKC activities was measured in BREC and BRPC. PKC activities were increased by 25 ± 5, 31 ± 4, and 45 ± 5% in BREC (Fig. 3A) and 24 ± 4, 30 ± 5, and 42 ± 5% in BRPC (Fig. 3B) Data are means ± SE of 4 experiments. Cells were infected with or without adenovirus containing ␤-gal PKC-␣, -␤1, and -␦cDNA and then exposed to 5.5 or 25 mmol/l glucose for 2 days. *P < 0.01 vs. 5.5 mmol/l glucose; †P < 0.05 vs. ␤-gal control; ‡P < 0.01 vs. ␤-gal control; ␤-gal, ␤-galactosidase.
in the membranous fraction of BREC (Fig. 3C) and BRPC (Fig. 3D ) by 93 ± 15 and 49 ± 13%, respectively. We examined the reversibility of PKC activation induced by 25 mmol/l glucose by returning glucose levels to 5.5 mmol/l as well as correlating PKC inactivation with the changes of ET-1 expression. PKC activation induced by 25 mmol/l glucose was decreased by 60% after returning the concentration of glucose to 5.5 mmol/l for 24 h and returned to normal after 2 days (Fig. 4A) . Paralleling PKC activity, ET-1 expression induced by glucose was also restored to a normal level after normalization of glucose for 2 days (Fig. 4B) . Effects of glucose levels on PKC isoform expression. We and others (7, 8, 23, (26) (27) (28) (29) 35, 41) have reported previously that elevation of glucose levels in vivo or in vitro increased or activated PKC, particularly the ␤ and ␦ isoforms, in the vascular cells. Thus, the effect of the PKC-␤ isoform selective inhibitor LY333351 (42) on glucose-induced PKC activation and ET-1 mRNA expression was determined in BREC and BRPC cultured with 5.5-25 mmol/l of glucose. The addition of 20 nmol/l LY333531, which we had previously reported to inhibit the PKC-␤ isoform specifically (8), reduced basal PKC activities by ~25% and glucose-induced PKC activation by 44 ± 4 and 49 ± 4% in BREC and BRPC, respectively (Fig. 3A  and B) , but did not significantly inhibit ET-1 expression ( Fig. 2A and B) . Glucose-induced PKC activation is defined as the difference between cells incubated with 5.5 mmol/l for 72 h and 25 mmol/l for 72 h. However, LY333531 at 500 nmol/l, which can inhibit multiple PKC isoforms (41) , prevented the glucose-induced ET-1 mRNA expression, similar to GF109203X ( Fig. 2A and B) . Results from the studies using the PKC-␤ isoform-specific inhibitor LY333531 suggested that the activation of PKC isoforms other than ␤ isoforms could be involved in glucose-induced ET-1 mRNA expression (8).
To determine the specific isoforms that are translocated to the membrane or activated by high glucose, we examined the effects of high glucose levels on the expression of various PKC isoforms in cytosolic and membrane fractions of BREC by immunoblot analysis.
The expression of PKC-␣, -␤1, -␤2, and -␦ isoforms in BREC was significantly increased to 65 ± 40, 59 ± 47, 240 ± 69, and 254 ± 65%, respectively, by exposure to 25 mmol/l glucose compared with 5.5 mmol/l glucose for 72 h in the membranous fractions (Fig. 5A-D) . No significant changes were observed in the cytosolic fractions for PKC-␣, -␤1, -␤2, and -␦ isoforms (Fig. 5A-D) and in the cytosolic and membranous fractions for PKC-and -isoforms ( Fig. 5D and 5E ).
Effects of various PKC isoforms on ET-1 expression and secretion.
The results of immunoblot analysis of BREC incubated with 25 mmol/l glucose suggested that PKC-␣, -␤1, -␤2, and -␦ isoforms were increased in the membranous fraction. To determine which of these PKC isoforms were mediating the effects of glucose on ET-1 expression, we overexpressed PKC-␣, -␤1, -␦, and -isoforms in the BREC and BRPC by using replication-deficient adenoviral vectors or ␤-galactosidase separately. BRPC infected with adenovirus containing PKC-␣, -␤1, and -␦ cDNA exhibited 16-, 23-, and 17-fold increases in PKC-␣, -␤1, and -␦ protein levels and 10.5-, 11-, and 5.6-fold increases in PKC activities compared with cells infected with ␤-galactosidase control (Fig. 6A and  B) . Interestingly, PKC-␣ overexpressed cells also exhibited 2-fold increases in PKC-␤1 expression. Compared with ␤-galactosidase control, BRPC overexpressed with PKC-␣, -␤1, and -␦ increased basal ET-1 mRNA expression by 40%, 2.5-fold, and 2-fold, respectively. To determine whether PKC overexpression can also increase ET-1 secretion, we measured ET-1 protein levels in the culture media from BREC overexpressed with PKC-␣, -␤1, -␦, or -isoforms. BREC infected with adenovirus containing PKC-␣, -␤1, and -␦ cDNA increased ET-1 protein levels by 30%, 2.2-fold, and 43%, respectively, compared with cells infected with ␤-galactosidase control (Table 1) . These changes are comparable to the effect of increasing glucose levels from 5.5 to 25 mmol/l (which increased ET-1 production by 85%). Overexpression of BREC with adenovirus containing PKC-isoform increased protein levels by approximately 10-fold but did not enhance the expression of ET-1 mRNA or protein levels in the media (data not shown in figures).
To identify the effects of PKC isoforms on the change of PKC activities and ET-1 expression by high glucose, we measured in situ PKC activity and ET-1 mRNA expression in PKC-␣, -␤1, and -␦ overexpressed BREC cultured with 5.5 and 25 mmol/l glucose. PKC-␣, -␤1, and -␦ overexpression increased basal PKC activities by 9-, 9.5-, and 4.7-fold (Fig. 6C) and ET-1 expression by 30%, 2.2-fold, and 2.0-fold, respectively (Fig. 7A) . In PKC-␣, -␤1, and -␦ overexpressed cells, exposure to 25 mmol/l glucose increased PKC activities by 11.5-, 13-, and 7.8-fold (Fig. 6C) and ET-1 mRNA expression by 2.8-, 4.2-, and 4.1-fold compared with ␤-galactosidase control, respectively (Fig. 7A) , and was greater than PKC activities and ET-1 expression in BREC exposed to 5.5 mmol/l glucose. ropathy (1) (2) (3) (4) (5) and may contribute to the establishment of pathologies in these tissues. Among the various vasotropic cytokines, increases in the levels or actions of ET-1 have been postulated to have a prominent role for multiple reasons, especially in the retina. Increased levels of ET-1 have been reported in the retina and plasma of diabetic animals and patients (14, 15, 43, 44) . Competitive inhibition of ET-1 to its receptors can prevent the decreases of blood flow in the retina and peripheral nerves (14) (15) (16) . Hyperglycemia is the most likely metabolic change inducing the increases in ET-1 levels, although hyperinsulinemia may also have an effect when present. Yamauchi et. al. (30) . have reported that aortic endothelial cells exposed to increased levels of glucose enhanced the production of ET-1 protein. This change was not induced by similar levels of mannitol, suggesting that the change caused by glucose was not due to osmotic effect. Our results have extended these findings by showing glucose induction of ET-1 expression can be increased both in retinal capillary endothelial cells and pericytes, even at a glucose concentration of 16.5 mmol/l, which is commonly encountered in diabetic patients. The effect of glucose on ET-1 expression appeared to be reversible within 1-2 days. This time frame is surprising because the reversal of PKC activation in large arteries and retinal blood flow in diabetic rats required several weeks of euglycemia induced by insulin before normalization was observed (45) . However, in aortic smooth muscle cells, Williams and Schrier (46) reported that PKC activation induced by hyperglycemia can be reversed within 1 h after reducing glucose levels in the media. Thus, reversibility of PKC activation and its consequences appears to be rapid in cultured cells but rather slow in vivo, requiring days and weeks. This result suggests that the mechanism for glucose-induced PKC activation may be different in vivo from in vitro.
The increases in ET-1 expression in the retinal vascular cells included both mRNA and protein levels, suggesting that the changes in ET-1 expression may be functionally important.
This suggestion is supported by our previous report (14) that inhibition using ET-A receptor antagonist BQ-123 prevented or reversed hemodynamic changes such as decreased blood flow in diabetic rats. In addition, other groups (47, 48) have shown by immunohistological study that ET-1 expression may also be increased in certain retinal cells in the diabetic state. 
FIG. 5. Effect of glucose on PKC isoforms expression in BREC (A-F).
After 72 h of exposure to 5.5 or 25 mmol/l glucose, the cells were lysed, and PKC proteins in both membranous and cytosolic fractions were partially purified. The proteins were separated by 8% SDS-PAGE, and immunoblot analysis was performed using various types of antibodies on PKC isoforms, as described in RESEARCH DESIGN AND METHODS. The results are derived from 4 separate experiments. Each bar represents the mean ± SE. *P < 0.05, **P < 0.01 vs. control cells at 5.5 mmol/l glucose.
The mechanisms of glucose effects could be multiple. The present study suggests that both PKC and MAPK activation, but not phosphatidylinositol 3-kinase, may be involved. There is a great deal of evidence to support the concept that elevation of glucose levels can activate PKC and MAPK pathways (1). Our results showing that general PKC inhibitors GF109203X and LY333531 at 500 nmol/l completely prevented all the effects of glucose on ET-1 expression strongly indicate that PKC activation is mediating most of the glucose effect. In contrast, PD98059, an MEK inhibitor, was only partially effective, suggesting the ras-MAPK could also play a role. A similar mechanism appears to be activated in both retinal endothelial cells and pericytes, although the level of ET-1 expression by the endothelial cells appears to be 100 times higher than that of pericytes, suggesting that the endothelial cell is the main contributor of ET-1 production in the retinal vasculature.
The present study also directly demonstrates for the first time that elevation of glucose levels activates PKC in pericytes. Similar to previous reports, the effects of glucose on PKC activation were not immediate but were delayed for 24-48 h (35) . These findings indicate that glucose effects on PKC are not solely due to an increase in flux of glucose metabolites but also that changes in the expression of regulatory enzymes may be occurring.
The results from the use of general PKC inhibitor GF109203X and PKC-␤ isoform specific inhibitor LY333531 suggest that PKC isoforms other than the ␤ isoform are also activated by hyperglycemia to increase ET-1 expression. This A B C possibility was substantiated by the analysis of different PKC isoforms that showed that PKC-␣, -␤1, -␤2, and -␦ were all increased or activated by glucose. These findings are not surprising because we and others (7, (26) (27) (28) (29) (49) (50) (51) (52) have reported that PKC-␣, -␤, and -␦ isoforms can be activated in the vascular tissues of diabetic animals. However, in a previous report (7), we did not observe activated PKC-␦ in the retina of diabetic rats, but PKC-␣, ␤1, and ␤2 were observed to be activated there. The most likely explanation for this difference is that PKC-␦ activation may occur only in the vasculature, which represents only a small pool of PKC in the whole retinal protein lysates. But recent results from our laboratory and others (28, 52) have reported that PKC-␦ isoform was activated in aortic smooth muscle cells exposed to increased glucose concentration or in the aorta and kidney of diabetic rats (28, 52) . The results derived from the infection of vascular cells by adenovirus containing the various PKC isoforms provided strong support that activation of PKC-␣, -␤1, or -␦ can increase ET-1 expression. However, quantitatively, the effect of PKC-␤ and -␦ isoforms are much greater than PKC-␣ isoform in inducing ET-1 expression. Recently, we have overexpressed PKC-␤1 and -␤2 isoforms in the endothelial cells. Protein levels of PKC-␤1 and -␤2 were increased by 10-fold. ET-1 mRNA expression was similar in endothelial cells overexpressing PKC-␤1 or -␤2. In addition, it is not clear from the present study whether PKC-␣ is increasing ET-1 expression directly or indirectly, since enhancing PKC-␣ isoform also enhanced PKC-␤ isoform. Further studies using the selective PKC-␤ isoform inhibitor need to be performed to test these possibilities. The availability of the adenoviral-infected cells has also provided vascular cell models that contain large amounts of PKC, which facilitates the detection of PKC activation and its cellular targets. The ability of PKC activation to enhance ET-1 expression is limited mainly to PKC-␤ and -␦ isoforms, since the PKC-isoform did not have any effect. This is clearly demonstrated by the activation of these different PKC isoforms in the adenoviral-infected cells when they are exposed to a glucose level increase from 5.5 to 25 mmol/l.
Several mechanisms have been suggested by which PKC activation can enhance ET-1 expression. One possible explanation is that the transcription of ET-1 is enhanced via the activated protein 1 (AP-1) site. Inoue et al. (53) have shown that the 5Ј-flanking region of the human PPET-1 gene contains octanucleotide sequences for phobol ester-responsive elements, also known as the binding elements for the fos jun complex (AP-1). Lee et al. (54) have reported that cotransfection of c-fos and c-jun plasmid markedly increased the transcription rate of ET-1 gene in bovine endothelial cells. Soh et al. (55) have recently reported that transient transfection of PKC-␣ and -in NIH 3T3 cells activated a serum response element in the c-fos promoter. These data suggest that the human PPET-1 gene can be directly regulated by intracellular signaling mediated by PKC via the trans-acting transcription factors fos and jun. In addition, it is possible that PKC activation can in turn activate MAPK, which then can induce c-fos, c-jun, and ET-1 transcription rates. However, in preliminary data using adenoviruses to overexpress PKC-␣, -␤1, and -␦, MAPK activity was significantly increased at the basal state but not in stimulated levels. Further study will be needed to identify the various mechanisms of increased ET-1 gene expression by PKC activation induced by glucose. It is interesting to note that glucose induced an increase in PKC activity by only 45% but increased ET-1 expression by 85%. In contrast, overexpression of PKC-␤1 and -␦ individually increased PKC activities by 5-to 10-fold but only increased ET-1 expression 2-fold and 43%, respectively. These findings show the importance of measuring the activation of each PKC isoform because glucose induced 2-fold increases in PKC-␤2 and -␦ isoforms, whereas glucose increased total activity by 45%. However, the apparent inability of PKC activation, even when increased by 10-fold, to enhance ET-1 expression by >2-to 4-fold is not clear. One explanation is that the PKCdependent pathway of enhancing the ET-1 transcription rate is not rate-limiting after a 2-fold increase in PKC activity. In addition, glucose may induce other pathways, such as the MAPK pathway, to increase ET-1 expression. Further studies will be needed to clarify these possibilities.
In summary, these results have provided a mechanistic explanation of glucose's inducing effects on ET-1 expression in the retinal vascular cells. For the first time, we have characterized the different PKC isoforms that are activated in the retinal microvascular cells and identified PKC-␤ and -␦ isoforms as the main mediators of glucose effect on ET-1 expression. Further studies using inhibitors of PKC-␤ and -␦ isoforms are needed to delineate the role of ET-1 expression in the development of diabetic retinopathy and other complications.
